Factors in the testing and application of algicides. Appl. Microbiol. 12:247-253. 1964.-A review is presented of some of the factors affecting the laboratory testing and practical applications of chemicals toxic to algae. The basic factor demonstrated is that the amount of chemical required to inhibit the growth of algae is dependent on the amount of algae present and not on the volume of water in which the algae are dispersed. It is shown how a chemical can be tested for algistatic or algicidal properties, thus enabling one to decide how best to apply a particular chemical. The selectivity of chemicals and the development of resistance in algae towards certain chemicals is demonstrated. Also, it is shown how certain algae can appear to be resistant to chemical treatments because of their growth habit or their production of extracellular products which affect the toxicity of added chemicals. With a better understanding of how various factors can influence the effectiveness of toxic chemicals, it is hoped that the selection of a chemical and method of application to a particular problem will be more successful.
There are many chemicals which have been shown to be toxic to algae. Some of these are new to the field of practical algae control, but many are similar to products already in use for this purpose. Since not all the problems of applications of known algicides have been solved, the need for knowledge of the factors that might influence the effectiveness of algicides becomes more important as new chemicals are suggested as competitors to the established algicides. There are many basic factors in biology that affect the reaction between living material and toxic chemicals. Also, individual chemicals will be affected by the environment of the algae or the algae itself in patterns which can be reproduced by a large number of similar chemicals. The purpose of this report is to demonstrate and discuss some of the basic factors that are known to affect the testing and application of algicides to stimulate further work on these or more complex factors.
MATERIALS AND METHODS
The algae used to demonstrate the various factors were from the University of Wisconsin Algae Collection. The planktonic blue-green algae and diatom were cultured and tested in Gorham's medium (Hughes, Gorham, and Zehnder, 1958) , and the green alga, Chlorella pyrenoidosa Wis. 2005 , and nonplanktonic blue-green algae were cultured in Allen's (1952) medium.
The media for the tests reported here were inoculated so as to contain the equivalent of either 1,500,000 MIicrocystis aeruginosa Wis. 1036 cells per ml with the planktonic algae or 300,000 Chlorella cells per ml with Chlorella and other green and blue-green species. The concentration of algae in stock cultures was adjusted to the proper dilution for inoculation by the use of optical density measurements at 750 mAs (AMcLachlin and Gorham, 1961) .
The testing techniques used in toxicity studies have been described (Fitzgerald and Faust, 1963b) . Essentially, increasing concentrations of the chemicals to be tested were added to media (25 ml per 50-ml Erlenmeyer flask) inoculated with the algae in question. After various periods of incubation at 180 ft-c of continuous light and 24 C (± 1), the percentage of growth inhibition by each concentration of chemical was estimated and recorded. For demonstration purposes, significant cultures were filtered, and pictures were taken of the filters.
To differentiate between algistatic and algicidal properties of toxic chemicals, a subculture method (Fitzgerald and Faust, 1963b) was used similar to methods used for bacteria and fungi (Gershon and Parmegiani, 1963) . A 1-ml sample was removed from an apparently inhibited culture, added to 25 ml of sterile medium, and incubated for 1 week or more. When growth was observed, the concentration of the chemical under study was considered to be algistatic, but when no growth appeared on subculture the concentration of chemical and treatment time was considered algicidal.
RESULTS
Relationship between the amount of algae and amount of chemical. The importance of the amount of algae present in a toxicity test vessel is demonstrated by a study of the amount of the industrial algicide, Algimycin MIT-4 (a 12.25 % solution of an organic mercury compound and ar aliphatic amine acetate; Great Lakes Biochemical Corp., Milwaukee, Wis.), required to prevent the growth of the green alga, C. pyrenoidosa (Wis. 2005) . Four concentrations of Chlorella were used to inoculate flasks of Allen's medium so that the initial cell counts would be 150,000, 300,000, 600,000, or 900,000 cells per ml. Increasing amounts of the algicide were added to the cultures and after 5 days of incubation the effect of each concentration of algicide on the growth of algae at each initial inoculum level was recorded. The results of these tests are presented in Fig. 1 (Fitzgerald and Faust, 1963a (Fitzgerald, 1959) . To demonstrate the mucilage that encloses this alga, a few filaments of it were suspended in a thin suspension of black drawing ink. The ink particles accumulate on the mucilage and emphasize its presence. The photograph of this alga suspended in ink (Fig. 6) shows how the mucilage surrounds the filaments and could protect them from the action of chemicals that are adsorbed or detoxified by the surrounding sheath material.
Even without the secretion of a mucilaginous sheath around its filaments, it is possible for an algal colony or infestation to be protected from the action of toxic chemicals by merely growing in dense mats. An example of this is the blue-green alga, P. inundatum Wis. 1093, called Black Algae in California swimming pools (Fitzgerald, 1959) . The dense, tightly packed filaments of this alga on the outer surface of the colony can protect the cells in the center of the colony from the action of certain toxic chemicals by adsorptive processes or detoxifying reactions.
Algae can also be protected from certain toxic chemicals by the action of soluble chemicals secreted into the medium during normal growth of the cells. Such a situation was recorded by Fogg and Westlake (1955) in their studies of the extracellular polypeptides secreted into the culture medium by the blue-green alga, Anabaena cylindrica. They showed that in the presence of the extracellular polypeptide (7.9 mg of N per liter) secreted by this alga, more than 16 mg of copper per liter were required for death, whereas in the absence of this product the alga was killed by approximately 3 mg of copper per liter (Fig. 7) . DISCUSSION Data have been presented to demonstrate that the amount of chemical required to control the growth of algae is directly related to the amount of algae present. This was also pointed out by Fitzgerald, Gerloff, and Skoog (1952) in the case of the control of the growth of the planktonic blue-green alga, M. aeruginosa, with 2,3-dichloronaphthoquinone. There is need to keep this fact in mind when considering the amount of chemical to be applied to control an algal problem. If there are relatively more algae present under certain conditions, more chemical will be required to control this infestation than would normally be required. Thus, the significance of preventive maintenance in controlling the growth of algae before it becomes a major problem becomes evident.
FITZGERALD
The effect of the amount of algae present in laboratory evaluations of chemicals or the factors affecting their effectiveness is also important. The value of laboratory studies lies in their reproducibility under controlled conditions so that the results from a number of tests can be compared. If one of the limiting factors, the algae, is not added in controlled, reproducible amounts, the value of the tests is limited. A case in point might be the results reported by Fitzgerald (1959) which listed the concentrations of different chemicals required to control the growth of three species of algae in two different media. The results of three tests with a medium at pH 7 and one test with another medium at pH 9 were presented. The variations in the amounts of chemical required in the three tests with the pH 7 medium were so great that little comparison could be made with results in the pH 9 medium. Since the publication of these results, the techniques used have been refined and the importance of the age of the culture, the preculture medium, and the amount of algae used in such tests are now appreciated so that more reproducible results are obtained.
The ease of culture and the ease with which cell counts can be made with the green alga, Chlorella, makes this alga a reasonable organism on which to base toxicity tests. A concentration of 300,000 cells per ml is equivalent to approximately 3 mg (dry weight) per liter. The concentration of stock cultures of any alga can be adjusted (after blending in a Waring Blendor, if necessary) by the use of optical density measurements at 750 m,u (MIcLachlin and Gorham, 1961) so that the inoculum will be reproducible and equivalent to a standard of Chlorella.
The value of reporting the amount of algae used in laboratory evaluations of toxic chemicals is obvious when one wants to compare the results from one laboratory with those of another.
In contrast to the effect an increase in the amount of algae will have on the amount of chemical required for the control of the growth of the algae, the volume of diluent present has little or no effect. It is evident from this information that the amount of chemical required to control an algal problem should be based on the amount of algae present and not necessarily on the volume of water to be treated. It is for this reason that recommended initial treatments with algicidal chemicals should be made as directed, but if the problem algae persist increased amounts of the chemical should be applied, the dosage calculated not as an additional treatment, but as if no previous amount of chemical had been added (Hale, 1954) .
The fact that a chemical, such as copper sulfate, can act either as an algicidal or algistatic agent, depending upon the species of algae tested, was reported previously (Fitzgerald and Faust, 1963a (Jung, 1952; Fitzgerald, 1960 Fitzgerald, , 1962 Fitzgerald, , 1963 Fitzgerald and Faust, 1963a, b) , an effective concentration must be added continuously or at relatively frequent intervals.
If the action of a chemical is algicidal, the length of contact tinme required for a specific concentration to be effective must be known so an effective concentration can be maintained for at least that long. Occasional "shock" treatments with this type of chemical should, therefore, be sufficient for the effective control of problem algae.
Selectivity of toxic chemicals to different types of plants is the basis for many practical applications of chemicals, such as in the area of weed control. However, the basis for selective action on the part of the various chemicals is not completely understood (Ukeles, 1962) . A perplexing example of selectivity is presented in the toxic effect of ABS on planktonic blue-green algae; the growth of two algae, A.
circinalis Wis. 1038 and Aphanizomenon flos aquae Wis.
1062, was prevented by 5 mg per liter (ppm) or less of ABS, whereas M. aertuginosa Wis. 1036 was only partially inhibited by a concentration of 60 ppm. These particular algae are known to be more sensitive than other algae to certain chemical treatments, such as the selective use of copper sulfate (Hale, 1954) or 2, 3-dichloronaphthoquinone (Fitzgerald et al., 1952; Fitzgerald and Skoog, 1954) . In the case of the toxicity of ABS to these and other algae, however, great differences in sensitivity within the planktonic algae group were found. It is apparent from these data and results presented by Fitzgerald and Faust (1963a) , Galloway and Krauss (1959) , and Krauss (1962) that although a particular alga may be relatively resistant to a specific chemical it does not necessarily mean that it will also be relatively resistant to other chemicals. The development of resistance by an inherited change in reaction to a chemical is a well-known phenomenon and one which is often used to explain instances of apparent resistance that might be due to other factors than mutation to a resistant strain. It has been demonstrated that certain strains of L. versicolor and P. autumnale have been found to be relatively resistant to the algistatic action of CMU, a chemical well known as an inhibitor to the growth of algae (Fitzgerald, 1957; -Maloney, 1958; Ukeles, 1962) . However, caution must be maintained in describing the reaction of an alga to a normally toxic chemical as being due to the development of resistance to that chemical. There are many factors that can cause the appearance of resistance to a chemical which in fact are really due to some factor in the environment. A situation concerning the need for an increase of two to five times more copper for the control of algae in certain lakes over a 20-year period described by Moyle (1949) might indicate to some a case of developed resistance to copper on the part of the algae concerned, although Hale (1954) does not believe there is any APPL. MIICROBIOL.
foundation to this theory. There are many factors which would cause increased amounts of copper to be required for the control of specific species of algae, such as were pointed out by Fogg and Westlake (1955) and Fitzgerald and Faust (1963a) .
Copper is not the only toxic chemical that has given rise to suggestions of developed resistance in algae. Bussy (1952) in a study of the use of quaternary ammonium compounds for the control of algae in swimming pools indicated that the algae may have gradually developed resistance to these compounds. In the case of quaternary anmmiionium compounds, there are many factors which could account for increased resistance to normally toxic applications. Lawrence (1957) listed a large number of chemicals which are incompatible with the toxicity of quaternary ammonium compounds, and specific examples were presented by Garvie and Clarke (1955) and Rich and Stern (1956) . The physical loss of quaternary ammonium or amine compounds from the environment of algae was also discussed by Jung (1952) and Fitzgerald (1960 Fitzgerald ( , 1962 Fitzgerald ( , 1963 .
The manner in which environmental factors can influence the effectiveness of applications of quinoid-type compounds might be confused with possible developed resistance to these chemicals. Fitzgerald et al. (1952) studied the factors affecting the algicidal properties of 2,3-dichloronaphthoquinone. This chemical is a very specific inhibitor of the growth of planktonic blue-green algae when applied at concentrations in the range of 2 to 10 jig per liter.
However, under prolonged alkaline conditions this chemical is hydrolyzed to 2-chloro-3-hydroxynaphthoquinone, which is not a selective algicide and is required at a concentration of 1 to 2 mg per liter to be toxic. In addition, Collwell and McCall (1946) showed how certain naturally occurring chemicals could reduce the toxicity of another naphthoquinone, 2-methylnaphthoquinone.
The effect of certain factors in the medium in which laboratory tests are carried out has been demonstrated to affect the bactericidal effectiveness of quaternary ammonium compounds (Chambers et al., 1955; Cousins and Clegg, 1956 ) and the toxicity of copper to algae (Fitzgerald and Faust, 1963a) . Either of these factors could be confused with developed resistance in the tested organisms.
It is apparent that algae can develop which are resistant to the application of certain toxic chemicals, but care should be used so as to not claim developed resistance to a chemical when some factor in the environment is the real reason for apparent resistance of an alga to an applied chemical.
The protection against toxic chemicals that can be obtained from the sheath material surrounding individual filaments of algal colonies or from the outer cells of dense mats of algae is apparent from the fact that such types of algae usually are found to be the problem algae that most resist chemical treatments. Any chemical which is to reach the algal cells must pass through these barriers. The available information on the secretion of mucilage by algae was recently reviewed by Jarosch (1962) and the chemical composition of the mucilage by O'Colla (1962) . However, it does not appear to make much difference whether cells are protected by secreted material or by layers of other cells. Any toxic material that can be prevented from penetrating through the barriers formed by such algal colonies will be ineffective. This does not mean that chemicals that are held to surfaces by adsorptive properties (Lawrence, 1957; Fitzgerald, 1960 Fitzgerald, , 1962 Fitzgerald, , 1963 or lose their oxidizing capacity on contact with certain organic materials cannot control the growth of these algae. It means that the ease with which these chemicals penetrate other unprotected algae will not be attained, and higher concentrations of chemicals and longer contact times will be required. Thus, the algae in a dense mat can be killed by an oxidizing chemical that is used up as it penetrates the mat only if enough of the chemical is maintained in the water to form a reservoir for the complete penetration and kill. If the concentration of such a chemical falls below the algistatic level, any cells not killed will be able to grow and soon replace those affected by the chemical.
In the cases of infestations of algae which are characterized by development of dense mats or spots, such as in the "Black Algae" of California swimming pools, it appears obvious that physical removal of the mats or spots followed by "shock" chemical treatment might be the most feasible method of control. The labor and costs involved in any draining and scrubbing of pools or watercooling towers would certainly emphasize the importance of using preventive measures rather than treating the problem after it developed. The amount of chemical and contact time required to kill or prevent the growth of algae in thin films just starting to develop would be considerably less than the conditions required to remove dense mats. Therefore, preventive maintenance by applying chemicals frequently enough to maintain algistatic levels at all times cannot be over-emphasized.
The protection from certain toxic chemicals afforded algae by soluble materials secreted by the algae is no less than the protection of sheath material or layers of other cells. Fogg (1962) recently reviewed the literature on the materials found in the medium of actively growing cultures of algae. The list of chemicals includes acids, amino acids and peptides, carbohydrates, vitamins and growth substances, and enzymes, with up to 45 % of the total organic matter synthesized by algae being extracellular in certain cases.
The demonstration of the effect of the polypeptide secreted by A. cylindrica in decreasing the toxicity of added copper (Fogg and Westlake, 1955 ) is just one of many instances where such a situation has been noted or implied. Rich and Stern (1956) pointed out how a factor in yeast extract reverses the toxicity of a quaternary ammonium compound to the yeast, Saccharomyces cerevisiae. As was mentioned earlier, Aoyle (1949) reviewed a situation in which the implied resistance of planktonic blue-green algae to copper treatments might be a case of either more algae being present or materials released from the algae reducing the effectiveness of the added copper. When one considers the vast number of different soluble products that can be present in the immediate environment of algae, it is no wonder that many attempts to control the growth of algae fail. It should be remembered, however, as Fogg and Westlake (1955) pointed out, that algae can be killed in the presence of these products if the contact time or quantity of chemical is increased sufficiently.
